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Abstract 


Amphibians are among the first vertebrates that have conquered the terrestrial environment. Their way of life is 
characterized by a compulsory aquatic larval phase and an adult terrestrial phase separated by a metamorphosis. 
Amphibians remain subservient to the aquatic environment throughout their lives. Several adaptive mechanisms 
regarding reproductive patterns have been established during biological evolution. Some species are oviparous; others 
are viviparous or direct-developing. Fertilization can be external or internal. Alongside these conventional breeding 
methods, some amphibians have developed particular forms of marsupialism or transport of eggs and larvae allowing 


them to at least partially free themselves from the aquatic environment. 
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Introduction 


Intermediaries between fish and_ reptiles, the 
amphibians are among the first vertebrates that have 
conquered the terrestrial environment. Their way of life is 
characterized by a compulsory aquatic larval phase and 
an adult terrestrial phase separated by a metamorphosis 
already described by Aristotle (384-322 BC).Some species 
remain aquatic or return to the aquatic life in the adult 
state. Amphibians are found on five continents, in 
temperate and tropical areas, and in the oases in semi- 
arid and arid areas. Adaptive mechanisms regarding 
reproductive patterns have been established during 
biological evolution. 


From Oviparity to Marsupialism: Strange Modes of Reproduction in Amphibians 


The interests in studying these animals are multiple. 
Living first in an aquatic and then terrestrial environment, 
amphibians are used as models to understand 
adaptations to the environment. Undergoing a 
metamorphosis, a drastic phase of their life with a very 
profound change in physiology and morphology, 
amphibians are particularly sensitive to the environment, 
becoming bio-indicators of its quality. It is therefore 
useful to know their biology to protect them. Amphibians 
have long been useful for acquiring scientific knowledge. 
Claude Bernard (1813-1878) or Dubois-Reymond (1818- 
1896) used frogs to understand various physiological 
phenomena. Amphibians were also useful to understand 
the mechanism of embryonic development [1] and more 
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particularly to understand the importance of the 
apoptosis during this development [2]. The first 
transplants of blastula cell nuclei to enucleated eggs were 
performed in amphibians [3]. These animals are also 
useful models for testing ecotoxicological effects of 
chemicals [4]. Amphibians are also of interest to the 
pharmaceutical industry because their skin develops 
antibiotic molecules or opioid with greater effects than 
the same molecules found in mammals [5,6]. 


Amphibians are divided into three orders: Anurans, 


with frogs, toads and tree-frogs, Urodelans with 
salamanders and newts, and Caecilians or 
Gymnophionans, which are burrowing lengthened 
animals living in tropical areas. 

Reproductive Cycles 

Since amphibians are ectothermic animals, 


reproduction is closely linked to seasonal variations, and 
under endocrinal regulation [7,8]. In temperate-zone, 
Anura and Urodela reproductive cycles are mainly related 
to temperature changes, with reproduction occurring in 
the spring. In tropical areas, reproduction is related to 
both temperature and mainly precipitation, with animals 
having a predominantly discontinuous reproductive cycle. 
In some cases, egg-laying occurs when the weather is 
rainy, during the monsoon for example. In areas with 
highly variable seasons, with irregular rains in some 
semi-arid areas of Africa, males and female genitals are 
always ready to breed when conditions become favorable 
(mating of males and females in temporary ponds water). 
There are also exceptional breeding modes, not especially 
seasonal, but allowing the animals to be released from the 
aquatic environment: this is the case in some tropical 
species that have adopted original forms of development 
such as marsupialism or intraoral incubation. This is also 
the case for amphibians living in frozen soils that 
reproduce in a short time when the soil is thawed. 


In the anurans, breeding cycles are always seasonal [9- 
11]. In certain species, the cycles of males are 
characterized by a discontinuous spermatogenesis. In this 
case, the testes are filled with germ cells until they are 
empty at the time of reproduction, then the testes can 
wait until the next breeding season to be filled again. It is 
the case of Nimbaphrynoides (formerly Nectophrynoides) 
occidentalis, African toad of the Nimba Mountains in Ivory 
Coast. In contrast, the testes of certain species can be 
filled well before the breeding season and the germ cells 
then remain stored until the reproduction, like in Rana 
temporaria of temperate countries. In species with 
continuous spermatogenesis, all types of germ cells are 
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present at the same time: this is the case of many African 
toads such as Sclerophrys (formerly Amietophrynus or 
Bufo) regularis (Togo, Congo), Phrynobatrachus calcaratus 
(Ivory Coast), Xenopus laevis (South Africa), Sclerophrys 
(formerly Amietophrynus or Bufo) mauritanicus of the 
Algerian coast [12,13]. These last animals are ready to 
breed as soon as the weather conditions are favorable. 
Some cycles are potentially continuous. After spawning, 
spermatogenesis is observed several times but they do 
not terminate and spermatozoa do not form: it is 
necessary to wait until the correct season for 
spermatogenesis to be complete and reproduction can 
then take place. This is the case found in the complex of 
the green frog Pelophylax kl. esculentus (formerly Rana 
esculenta) [14-16]. 


The cycles of the females are super imposable to those 
of the males. In African species with continuous cycles, 
the ovaries contain a constant number of follicles at all 
stages of evolution throughout the year. As soon as 
external conditions allow, males and females are ready to 
breed. This is the case of Sclerophrys mauritanicus, S. 
regularis, and Phrynobatrachus calcaratus [17]. 


In some urodelans, the male cycles are discontinuous 
(Hynobius sp., Plethodoncinereus). In some _ cases, 
spermatozoa are stored in the vas deferens until the 
reproduction period. A new spermatogenesis can then be 
noted (Gyrinophilus porphyriticus). In Taricha torosa 
(Triturus torosus) and Notopohtalmus viridescens (Triturus 
viridescens), spermatozoa are evacuated between 
September and May in several waves. They accumulate in 
Wolffian ducts and breeding occurs in April-May. In 
European male salamanders, the number of testicular 
lobes increases with age. The lobes of the anterior region 
contain the earliest stages and more the lobes are 
posterior, more the germ cells they contain are in 
advanced stages. The last lobes are empty because they 
were evacuated the previous year. During the breeding 
season, the male lays a spermatophore on the soil that is 
seized by the cloaca of the female. There is indirect 
internal fertilization. The European Salamandra 
salamandra is oviparous in plain, but at altitude, it keeps 
embryos for a longer or shorter time in their uterus. In 
these species, the cycle is annual. In S. fastuosa, a closely 
related species, the cycle is biennial at 1000 m altitude 
[8]. In the salamander of the Alps, Salamandra atra, the 
duration of the gestation varies according to the altitude: 
2 years at 650 m, 4 to 5 years between 1700 and 1850 m 
[18]. A similar type of cycle is found in Salamandra lanzai 
[19,20]. Mertensiella and the Siberian Salamandrella have 
annual cycles with variations in reproductive patterns 
depending on the environment [21-24]. 
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The males of the caecilians are equipped with a 
copulatory organ, the phallodeum. They have a pair of 
segmented testes, each lobe of which being divided into 
seminiferous lobules a pair of Miller's glands acts as a 
prostate [25-30]. Breeding cycles are _ usually 
discontinuous and annual [30]. In females, the cycles may 
be different. The female cycle of Typhlonectes 
compressicauda is biennial even if the gestation lasts only 
6 or 7 months [31,32]. The same type of cycle is observed 
in Gymnopis multiplicata (Costa Rica), Dermophis 
mexicanus (Guatemala) [33]. In Africa, the sexual cycle of 
Boulengerula taitanus males (Kenya) is continuous. The 
female cycle is annual with spawning during a rainy 
season, from July to November [34,35]. Eggs contain 
already developed embryos [36]. 


Fertilization 


In anurans living in temperate countries, at the exit of 
hibernation, females and males migrate to their breeding 
grounds where they unite in amplexus. The female emits 
oocytes which are fertilized with sperm emitted by the 
male. Fertilization is external excepted in the tailed frogs 
(Ascaphidae), Nimbaphrynoides (Nectophrynoides) 
occidentalis, and Limnonectes larvaepartus [10,11,37]. 


At spring, male and female salamanders head to the 
spawning grounds where complex courtship parades 
bring the sexes together. When fertilization is external 
(Cryptobranchidae and Hynobiidae), spawning takes 
place in water, females emit oocytes that males fertilize. 
Fertilization is internal in Ambystomatidae (Euproctes), 
Salamandridae (Pleurodeles, Salamandrina, 
Notopohtalmus, Taricha). In these families, the males 
approach females and engage on a courtship with or 
without amplexus. The male deposit a spermatophore that 
the female takes with its cloaca in order to fertilize 
oocytes [10,11]. 


In all the caecilians, fertilization is internal. The 
copulation can last several hours. Caecilian species can be 
oviparous, viviparous or in direct development, and early 
development occurs in the female genital tract [27,38,39]. 


Phoresy 


In Alytes obstetricans, the midwife toad, the male 
carries the eggs around his thighs, from laying to hatching 
[10] In other species, eggs are laid on the ground and the 
tadpoles are transported on the backs of their parents 
[37,40]. The phoresy can be temporary and the larvae 
then complete their development on land (Dendrobates, 
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Phyllobates). Phoresy may also be definitive until the end 
of development (Sooglossus __ sechellensis). In 
Amphignatodontidae such as_ Stefania evansi and 
Hemiphractinae such as Hemiphractus bribalus, eggs are 
carried by the mother and housed on the maternal dorsal 
coat. The gills are hypertrophied and increase the 
respiratory surface in contact with the air. In Fritzinia 
goeldi (Brazil), the eggs are located into the skin of the 
back which protects the larvae [37]. 


Marsupialism and Incubation in a Natural 
Cavity 


In several species, the incubation of eggs and 
development lead to the development of integumentary 
structures to protect eggs. In the frog Electonotus 
pygmaeus, the eggs are carried on the back and covered 
with dorsal latero-frontal skin. The edges of the folds 
meet on the dorsal midline, forming a pocket. 


In Gastrotheca, the two lobes are welded, forming a real 
brood pocket opened by a posterior orifice more or less 
close to the cloacal orifice [41]. In Assa darlingtoni 
(Australia), lateral incubators pockets were observed in 
males. Larvae can complete their development in ponds 
(Gastrotheca marsupiata). In other species (Gastrotheca 
ovifera, G. Grismaldi, G. Ochoa, G. christiani), the 
development is direct and the completely 
metamorphosed young comes out of the brood pocket. In 
all cases, young animals exhibit an increase in respiratory 
surfaces through the formation of bell-shaped gills. In 
Pipa pipa, an aquatic anuran from South America, 
embryos are incubated in the maternal back, inside small 
individual alveoli. The embryos develop slowly, each in its 
lodge filled with a liquid emitted by the skin of the female. 
Gill-free tadpoles have a well vascularized tail that 
provides respiratory function. Young animals hatch after 
metamorphosis and leave their protective cavity [37,39]. 


In Rhinoderma darwinii of Chile, as soon as the 
embryos become mobile, the males seize them using their 
tongue and install them in their vocal bags the walls of 
which becoming highly vascularized and secreting a 
viscous liquid. After the metamorphosis, the tadpoles are 
expelled. The tadpoles of Rhinoderma rufum also begin 
their development in vocal bags but they are expelled 
before the end of this development [42]. In the Australian 
species Rheobatrachus silus considered extinct since 2001, 
the incubation took place in the stomach of the female 
which was subjected to prolonged fasting and gastric 
secretions of which were inhibited [43]. 
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Viviparity 


Numerous caecilians species are viviparous [25]. The 
best-known viviparous species are Dermophis mexicanus 
and Gymnopis multiplicata from Central America [44] and 
Typhlonectes compressicauda from South America [45]. In 
T. compressicauda, the wall of the oviduct is enlarged at 
the time of reproduction, becoming ciliated and secretory. 
Both the middle and posterior parts of oviduct constitute 
the uterus, also secretory [31,45]. The embryo, first 
protected by a gangue, is not in direct contact with the 
uterine lumen and develops from the yolk. After hatching, 
it feeds on the secretions of the oviduct wall through the 
fetal dentition. It even ends up tearing out the epithelial 
cells. In the end, the connective tissue remains bare and 
contacts are established between this wall and the 
vesicular gills of the embryo. The embryo is surrounded 
by these gills, one arranged as a coat and the other as a 
hood, forming a cocoon-like structure closely applied 
against the uterine wall [39,45]. Relationships are 
established between the surface of the gills and the 
uterine connective tissue. Signs of oophagy and 
adelphophagy have been observed. In viviparous D. 
mexicanus and G. multiplicata, the gills remain 
filamentous, certainly playing a role in gas absorption and 
exchange [33,44]. 


Among the urodelans, in Salamandra atra, at ovulation, 
the oocyte is surrounded by a gangue developed by the 
tubal glands. Only the head oocyte develops first from the 
yolk reserves and then from a uterine magma from the 
secretions of the tubal wall mixed with more or less 
degraded abortive oocytes releasing yolk platelets. After 
depletion of these reserves, the uterine epithelium is 
responsible for granulation and the larva, with a fetal 
dentition, feeds on the secretions of the cell walls that 
regenerate when it moves [16]. The pregnancy can last 
four or five years. In Salamandra salamandra, embryos 
develop in oviducts. The tubal epithelium varies little and 
the epithelial cells ensure the regulation of the 
intrauterine fluid [46-49]. Other salamanders such as 
Mertensiella genus of Central and Eastern Europe can also 
be viviparous [48]. 


In the Anuran_ viviparous Nimbaphrynoides 
(Nectophrynoides) occidentalis, the uterus undergoes a 
succession of changes. The embryos bathe in a uterine 
fluid that they absorb orally [50-52]. 
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Direct Development 


In direct development, the eggs hatch from a 
metamorphosed animal. Such types of development are 
observed in Anurans (Nectophrynoides, 
Eleutherodactylus). Characterized by an egg containing a 
large amount of yolk, their development is reminiscent of 
that of most teleost fish. This type of development is also 
found in several caecilians such as Boulengerula taitanus 
[35,36]. 


Parental Care in Caecilians 


It is now well-know that a parental care exists in 
caecilians. In oviparous species such as Ichthyophis sp., the 
eggs are protected by the female which surrounds itself 
around the clutches of eggs. In several species, the young 
animals feed on the secretions emitted by the maternal 
skin (Schistometopum thomense, Boulengerula taitanus, 
Sipohnops annulatus) [53-58]. 


Conclusions 


Amphibians are particularly sensitive to external 
factors. Consequences are observed on several aspects of 
their biology, and more particularly on the modes of 
reproduction. Sexual cycles are closely linked to seasonal 
alternation. In gymnophionans (caeciliians), internal 
fertilization is the rule and several species are viviparous. 
Male sexual cycles are generally discontinuous in species 
living in Asia and Central and South America; in some 
African species, the cycles are continuous. The female 
sexual cycles correspond to those of the males, and they 
are biennial in several viviparous species. In urodelans, 
fertilization can be indirectly internal. The cycles of males 
and females are discontinuous. In anurans, males and 
females cycles can be continuous or not, narrowly linked 
to the variations of temperature or rainfalls. In areas with 
regular seasonal variations, cycles are discontinuous. In 
areas with irregular rainfalls, cycles are continuous and 
the animals are ready to breed when external conditions 
are adequate. 


In addition, amphibians which are _ necessarily 
subservient to the aquatic environment for reproduction, 
can present a wide panel of adaptations, both in their 
physiology and ecology. They can be oviparous or 
viviparous with several modes of maternal-fetal 
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exchanges. They can perform strange patterns of 
development like different marsupial forms of 
reproduction. These strange modes of reproduction have 
certainly contributed first to the conquest of the 
terrestrial environment and _ second to maintain 
themselves in this new environment with sometimes 
returns to the aquatic life. 


Variations in reproduction may be certainly genetic 
and / or adaptive. An example can be given. In the natural 
environment, the sexual cycle of Typhlonectes 
compressicauda is closely related to seasonal alternation 
with breeding during the rainy season and quiescence 
during the dry season [29]. If animals are raised under 
artificial conditions in which they are still immersed in 
water, without a dry season, the male cycles remain the 
same, so this cycle is probably regulated by a molecular 
clock, a genetic factor. On the contrary, female cycles are 
deeply disturbed: vitellogenesis and ovulation are 
staggered [59]. In this case, the cycle is certainly more 
subject to external factors than the male cycle, and 
represents mainly an adaptation to the environment, with 
the intervention of epigenetic factors. 


So, the sexual patterns of amphibians are particularly 
plastic, and they represent certainly an advantage for the 
conquest of terrestrial life. This conquest will be carried 
out by the reptiles, the first amniotes whose mode of 
reproduction involves a_ specialization, the amnion, 
allowing the embryo to remain maintained in an aquatic 
environment throughout its development, whatever it is. 
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